In order to better simulate the dynamic effects of a rolling wheel travelling over an asphalt pavement, and to better understand the initiation and growth of cracks in bituminous pavement layers, a wheeltracking fatigue simulation facility was developed. This experimental facility permitted the testing of large slab specimens (305x305x50mm) using dynamic wheel loadings. The slab specimens were supported on a soft elastomeric foundation that simulated overlay behaviour on top of a weak pavement structure. Digital photography and image analysis techniques were utilised to monitor the initiation and propagation of fatigue cracks on the bottom of these slabs. Two standard Irish mixtures, a Dense Base Course Macadam (DBC) and Hot Rolled Asphalt (HRA), were evaluated with the fatigue simulation facility. Crack damage was seen to initiate on the bottom face of the slab specimen in a direction parallel to the direction of wheel travel. These cracks would interconnect to form a full width crack that propagated through the depth of the slab. Under similar loading conditions the DBC mix had significant lower fatigue strength (two orders of magnitude).
Introduction
Fatigue testing of bituminous road building materials tends to focus on characterising the fatigue behaviour of relatively small specimens in the laboratory using mainly uniaxial loading conditions [GIL 97, HAR 00]. The effect of a rolling wheel is very difficult to imitate in these experiments and boundary conditions lead to a pattern of crack initiation and propagation that can be quite different to what is observed in-situ. While these simplified laboratory tests provide information on the relative fatigue behaviour of different mixtures, the success with which this information can be related to behaviour under in-situ tri-axial loading conditions remains questionable [HAR 01a, HAR 01b, OWE 01].
Although laboratory scaled wheeltracking equipment has been used extensively to simulate the development of permanent deformation, its application in fatigue studies has been limited. Commercially available permanent deformation wheeltrackers include the Cooper Research Technology Wheeltracker and the LCPC wheeltracking machine. With these devices, slab specimens are supported on solid foundations that prevent slab flexure and promote failure through densification and shear flow of the tested material.
On a larger scale, numerous accelerated loading test facilities exist throughout the world [TAB 89, GIL 97]. These facilities test full-scale pavements and allow the interaction between different forms of pavement distress to be studied. They do, however, involve enormous initial investment and high annual operational and maintenance costs.
In 1975 Van Dijk [VAN 75] pioneered the laboratory scale fatigue wheeltracking experiment by performing a series of wheeltracks to validate beam fatigue test results on a wheeltracker developed at the Shell Amsterdam laboratories. Since then wheeltracking work has been reported from Texas [LEE 93], Nottingham [ROW 96], and elsewhere [HAR 99, SAI 00]. Fatigue simulating rolling wheel test configurations that have been developed include (i) those based on reversing wheels, where a wheel traverses back and forth across a section of pavement, (ii) continuous wheels which travel in the same direction at a constant velocity along a section of pavement and (iii) revolving wheels which travel at a constant velocity along a circular section of pavement.
Design and construction of facility
While developing the design specifications for a fatigue simulation wheeltracking facility, the basic concepts of the test were evaluated with a prototype tracker. The experimental arrangement, shown in Figure 1 , consisted of a wheelfixture that was mounted in a standard shaping machine. The reciprocating action of the shaping machine pushed the wheel over a slab specimen that was housed in a clamping box fixed to the load table of the machine.
Figure 1. Development of design specifications for fatigue simulator using a prototype tracker based on the reciprocating action of a shaping machine.
From these initial tests the following conclusions were drawn:
-
In order to induce fatigue cracks that are similar to what is observed in-situ, the slab specimen must be clamped onto solid side supports, as shown in Figure 2 (c). A slab that is only supported by an elastomeric cushion (Figure 2 -Monitoring cracks on the bottom of slab specimens is very labour intensive. Consequently, it was considered necessary that the design of the facility should permit easy dismantling of the slab so that the underside, from where damage initiates, could be inspected and photographed at intervals.
-A reciprocating wheel action complicates any subsequent interpretation of results. This type of loading doubles the number of wheelpasses over the centre of the specimen; this occurs at higher loading speeds than over any other section of specimen and the direction of loading is not uniform. Over the short distance (305mm) available on the particular standard slab specimen, a segment of the wheel is in constant contact with the slab: this causes both the wheel and slab to heat up and ultimately leads to excessive permanent deformation.
The shaping machine was operated using displacement control: this resulted in rapid load drop-off and reduced crack growth. In order to perform fatigue tests within a reasonable time span a load controlled loading mode should be used. This is probably most easily achieved through a dead weight system.
With due consideration for the aforementioned design features, an experimental facility that included four pavement monitoring stations was designed around a circular wheel tracking arrangement. The essence of the design involved the use of an existing circular motor driven table which spun two preloaded wheel fixtures around a track, which was fitted with four sample stations as shown in Figure 3 . This particular construction ensures that the simulated direction of travel across each pavement specimen is always identical and that the simulated traffic density and velocity, and the weight of axle loadings can also be maintained constant during testing. The substrata conditions under each pavement specimen are made from an elastomeric cushion that can be modified easily by using appropriate materials having different stiffness characteristics. The facility was designed to operate on a dead load system with the rotating arms linked through hinged joints to the wheel fixtures. This ensures that the load automatically follows the deformation of the sample, ensuring a load control mode of loading.
The large arc of the track, 3 m diameter, reduces the effect of cornering on the specimen while the influence of centrifugal forces are minimised by the relatively slow operating speed (approximately 3 km/h or 7 rpm). The large track diameter results in near linear travel over the slab and crack failure patterns that are parallel to the clamped specimen sides. Due to the long track length (9.4m) the wheel is in contact with a given slab for only approximately 13% of the time. This, together with the better heat dissipation characteristics of the wooden track, significantly reduced the influence of heating on permanent deformation.
Miniature wheels, 200 mm in diameter with solid rubber tyres, were fitted to the fixtures on the ends of the rotating arms. The width of the wheelpath is 36 mm. The size of the contact area can be varied by changing the dead weight fixed to each wheel fixture and was measured using static tyre imprints. Table 1 summarises the contact areas and tyre pressures associated with the three different loads that were used during testing.
Load (kg)

Contact area (mm 2 )
Tyre surface contact pressure (kPa )  55  1010  545  80  1150  695  100 1290 775   Table 1 . Summary of contact area and tyre pressure for the three load settings.
Four sample stations, each of which housed a pavement specimen, were incorporated into the track, in order to facilitate the simultaneous testing of multiple samples. An additional four sample stations, giving a total of eight, could be incorporated easily into this design, to double the number of specimens tested in a given period. However, the present study is only concerned with the arrangement of four specimens. Each specimen is clamped in an aluminium frame along its edges, parallel to the tracking direction. This allows the specimen to deform under the influence of the dynamic load. The constraining clamps are fixed to the foundation box, which contains an elastomeric foundation 170mm deep with an elastic stiffness of 2 MPa. This represents a very weak foundation support but it does permit the pavement specimen to bend under the wheel load without deforming under the influence of gravity.
In order to facilitate and simplify the capturing of images of pavement damage on the bottom face of the slab, the aluminium frame holding the specimen was designed with a hinged joint as shown in Figure 4 . By releasing two lock clips, the frame flips back to the vertical position in one single movement, thus revealing the underside of the slab. This allows the insertion of a camera box, housing a digital camera and light source to monitor and record any visible damage. In order to guide the wheel onto the slab the track was precisely aligned with the top face of the specimen. As the structural integrity of the slab deteriorates, a slight permanent deflection develops across the slab. The main purpose of the present tests was not to isolate fatigue from the effects of creep, but rather was to simulate the initiation and development of fatigue damage within an actual pavement, which would naturally be subjected to both fatigue and creep. The permanent slab deflection across the wheel path was monitored at the centre of the slab during the tests. Most specimens were found to be severely cracked or to have failed catastrophically by the time a significant deformation was reached. 
Visual monitoring of slab cracking
A procedure using digital image photography was used to monitor the crack development on the bottom face of the slab specimens in the present investigation.
Image capturing
Prior to tracking, the undersides of slab specimens were painted with a quick drying road marking spray-paint. Any cracks or damage were therefore anticipated to show up as black against a white background. A number of thin paint layers were applied until a completely white surface was obtained. A 100x100mm square area was marked directly underneath the wheelpath in the centre of each slab. All crack monitoring was concentrated on this area while all strain monitoring devices were situated away from it.
Fatigue damage that initiates on the underside of the pavement samples inside the square area was monitored using two image capturing methods namely, digital photography and hand traced images that were subsequently digitised. At discrete intervals throughout a test, tracking was stopped and the specimens were turned on their sides. A specially constructed camera housing was then inserted over the sample stations to provide identical photographic distance and lighting conditions during image capture. Digital photographs of the underside of the samples were captured with an Olympus C-840L digital camera. Clear transparent sheets were then placed over the monitoring areas and all visible crack defects marked by hand. The transparencies were subsequently digitised with an optical scanner and reused to monitor cumulative damage. A schematic illustration of the image capture arrangement is shown in Figure 5 .
Image processing
The manually traced cracks were scanned as a greyscale image. Selection of the monitoring box (100x100mm square are = 600x600 pixels), clearing of the background and storing of the image data in a compressed format (.JPG) were done using the Ulead PhotoImpact image processing package [ULE 96]. The digital photographs were all in full colour and were 640x480 pixels in size. They also included the area of the slab around the monitoring square area as shown in Figure 6 . The monitoring area was 230x230 pixels in size and this was converted to greyscale. The greyscale images were imported into UTHSCSA Image Tool [UTH 96] for image processing and analysis. The dimensions of the monitoring area (100x100mm) were calibrated against the pixel size so that direct dimensional measurements could be established for the digital images. The grey scale images were converted into a binary format (consisting of only pure white and pure black pixels) by applying a threshold value. The selection of this threshold value was achieved by applying a range of thresholds and manually selecting the particular value that best represented the crack damage. This same threshold was then applied to all subsequent images.
Figure 6. Manipulation of the original image to select the monitoring area, convert the image to greyscale and apply a threshold to obtain a binary image for crack analysis.
Color original (not shown here)
Grayscale box (100x100mm) Binary box (100x100mm)
Image analysis
To calculate the total area of cracks, an algorithm that counts the number of black pixels was applied to the images that were captured with the digital camera. The spatial calibration of this data allowed the area to be given in mm 2 . With regard to the images obtained from the manually traced transparencies, no distinction was made between narrow and wide cracks and all visible defects were recorded with a marker of standard width. Using the same analysis routine to calculate the amount of black pixels, but normalising the area against the width of the tracing marker, the actual total crack length was determined.
Measurements of crack direction were also made on the final traced crack network pattern. An image analysis subroutine was used to identify cracks as objects. The major axis angle, i.e., the angle of the longest line drawn through the object to the horizontal, was determined for each object. The major axis angle, normalised to the length of each crack, represents the effective crack direction of each crack.
Strain monitoring
The key parameter that is used in asphalt overlay design is the horizontal tensile strain, the critical value of which is at the bottom of the asphalt layer [ULL 87]. Methods for measuring strain are based on various mechanical, optical, acoustic, pneumatic and electric phenomena. One of the most common methods of measuring strain in engineering applications is the use of wire or foil strain gauges. For pavement applications strain gauges are generally selected on the basis of their gauge length, which is based on the maximum aggregate size of the mixture.
To monitor the horizontal tensile strain in the slab specimens, 120ohm foil strain gauges with a gauge length of 10mm were used. To eliminate the influence of aggregates the gauges were glued to thin (0.3mm) brass sheets (12.5x40mm). Brass has a stiffness similar to bituminous mixtures (±2000MPa) and the brass strips were expected to deform in unison with the slab material. Figure 7 shows the basic location of the gauges on a slab. Two gauges were fixed to each slab, one on either side of the crack monitoring square normal to the centre line that runs parallel to the tracking direction. Consequently the gauges measured strains transverse to the tracking direction. Strain levels in the slabs can be changed either by adjusting the load, the specimen thickness or the foundation stiffness. During tracking, both the dynamic strain and the total strain were monitored. The dynamic strain is the per cycle strain amplitude of a sample whereas the total strain present within a sample includes strain associated with permanent deformation, as illustrated in Figure 8 .
A typical strain pulse as sensed by the two gauges when the wheel moves over a specimen is presented in Figure 9 . Gauge 1 is positioned on the wheel entry side of the slab and accordingly reaches a peak value before Gauge 2. The wheel remains in contact with the slab for approximately 0.4s. As the wheel moves off the slab, a permanent level of strain remains in the slab and this dissipates in accordance with the viscoelastic characteristics of the bituminous mixture. 
Experimental test programme
The composition of the two mixtures used in the present investigation is summarised in Table 2 . They represent two different grading profiles, namely, an open graded sandy mix (HRA, [BS 92]) and a continuous grading (DBC, [BS 93]), as shown in Figure 10 . For both of the mixtures binder contents towards the lower end of the design spectrum were purposely chosen to obtain fatigue prone mixtures. Slab specimens (305Lx305Wx50D) were compacted with a laboratory roller compactor and cured for 24 hour at 60°C after compaction.
Data that was monitored continuously during testing include measurements from strain gauges that were fixed to the bottom of the specimens, digital images of the cracked underside of the slab specimens, the manually traced crack patterns, the permanent slab deflection, and the total number of cycles to failure. Initially, the fatigue simulation experiments were carried out on one set of each of the investigated mixtures. The 100kg load setting, which corresponded to a tyre contact pressure of approximately 775 kPa, was used. The HRA slabs had a fatigue life in excess of 200 000 load cycles and this was achieved after two full weeks of testing. The DBC slabs, tested at the same load level, failed after only 2000 load cycles. Since the fatigue simulation facility was situated within a large laboratory which did not have adequate temperature control, all subsequent tests focused on the DBC mixture as these could be tested within a relatively short time span and thus reduce the effect of overnight temperature changes. Two extra sets of DBC slabs were accordingly prepared and tested at load levels shown in Table 3 . Table 3 also identifies the recorded minimum and maximum slab temperatures during the tests. The HRA samples were tested at lower temperature conditions. Also, the 80kg DBC specimens were tested at a slightly higher temperature. The lack of temperature control is a limitation of the present experimental set-up, which complicates minimising the effects of creep. Modifications to the set-up, which would include environmental temperature control are planned for future experiments. Table 3 . Summary of load settings and the specimen temperature range for fatigue simulation tests.
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6. Results and discussion 6.1. Crack measurements Figure 11 summarises the measurement of crack area while measurements of cumulative crack lengths are shown in Figure 12 . The general manner in which cumulative crack length varied with fatigue cycles was to initially increase sharply and then increase much more gradually. The rapid initial increase of crack length typically represented 30% of the fatigue life of a specimen. On the other hand, the crack area increased gradually as the test began and progressed and accelerated growth rates were observed close to specimen failure. In general, a larger area of cracking was observed on the DBC specimens. DBC slabs tested at the same load setting also had longer cumulative crack lengths. The total length of cracks measured in the DBC specimens also decreased with reduced test loads.
Rather than one main crack appearing under the wheel track, what was observed was that small individual cracks opened along the bottom of a sample, these interconnected and combined to establish a crack network. Once a full width crack had formed, this crack propagated through the depth of the slab. Two stages can thus be distinguished: a crack initiation stage, during which the network of cracks is formed and a crack propagation stage, during which the cracks propagate through the depth of the slab and thus only appear to grow wider on the slab surface. The reduced rate of increase of cumulative crack length can thus be explained as crack propagation, during which the cracks increase in width and depth rather than any new cracks being formed.
The orientation of the final crack pattern to the direction of wheel loading was determined and this is summarised in Table 4 . Figure 13 shows typical examples of the final crack pattern within both the HRA and DBC mixtures. Cracks tended to remain relatively parallel to the direction of wheel travel. Since the slabs were clamped on the sides that were perpendicular to the direction of wheel travel, this allowed slab bending and consequently cracking occurred primarily in that direction. As the test load decreased, the direction of cracking deviated slightly from the horizontal. The HRA and DBC slabs that were tested at the same loading conditions displayed similar crack orientations. Figure 14 describes the typical manner in which dynamic strain varied after different loading intervals. The strain results from the other pavement samples follow a similar trend and this behaviour is identical to that observed by Rowe [ROW 96].
Effective crack direction, C D eff (°) Material
Strain measurements
By correlating these strain measurements against crack behaviour, it is observed that the initial strain level remains relatively constant until small cracks begin to
Tracking direction form on the bottom surface of the specimen. From this point onward, a continuing increase in the dynamic strain level implies that cracks are propagating underneath the gauge (Gauge 1 in Figure 14) . A decrease, however, indicates that significant cracks are forming close to the gauge and that the material in this region is absorbing the strain, causing the gauge to detect reduced levels of strain (Gauge 2 in Figure 14 ). Due to the local strengthening effect caused by the epoxy, a larger percentage (±80%) of readings similar to Gauge 2 were observed.
The HRA mixture had greater fatigue wheeltracking strength than the DBC mix. The initial dynamic strain levels are plotted against the number of wheel loadings in Figure 15 . On two of the DBC slabs debonding of the gauges occurred and data associated with these specimens are omitted.
Temperature does have an effect on the performance of bituminous mixtures [AIR 95]. The increased life exhibited by the HRA slabs is also thought to be a consequence of the lower temperature range to which they were exposed. The DBC specimens tested at the 80kg load also showed relative shorter lives compared to the other load settings. Significantly, these specimens were tested at a slightly higher temperature range than the DBC specimens that had been tested at both 100kg and 55kg. Figure 15 . Initial tensile strain versus number of load repetitions for wheeltracking slab specimens.
Conclusions
For asphalt slabs that were simply supported on a weak elastomeric foundation and repeatedly tracked with a one directional dynamic wheel load, fatigue cracks were observed to initiate at the bottom surface of the slab and propagate upwards. Rather than one main crack appearing under the wheel track, small individual cracks opened along the bottom of the sample. These interconnected and combined to form a manner of network cracking. Once a full width crack had formed, this crack propagated through the depth of the slab. Typical behaviours that were observed during the development of crack area and crack length are illustrated in Figure 16 . Measurements of crack length on the bottom face of the specimen can be used successfully to characterise the initial stage of crack formation (Stage I). The crack propagation phase (Stage II), on the other hand, is more successfully characterised by changes in the area of cracking. The orientation of cracks remained relatively parallel to the direction of wheel travel throughout the fatigue life of a specimen. As the test load decreased, the direction of cracking veered slightly from the horizontal and the total length of cracks decreased. Although fewer cracks were observed on the HRA slabs, the orientation of these cracks was similar to those in the DBC slabs that had been tested under the same loading conditions.
